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Imperial College London, London, UKABSTRACT Covalent modification cycles are basic units and building blocks of posttranslational modification and cellular
signal transduction. We systematically explore different spatial aspects of signal transduction in covalent modification cycles
by starting with a basic temporal cycle as a reference and focusing on steady-state signal transduction. We consider, in turn,
the effect of diffusion on spatial signal transduction, spatial analogs of ultrasensitive behavior, and the interplay between enzyme
localization and substrate diffusion. Our analysis reveals the need to explicitly account for kinetics and diffusional transport
(and localization) of enzymes, substrates, and complexes. It demonstrates a complex and subtle interplay between spatial
heterogeneity, diffusion, and localization. Overall, examining the spatial dimension of covalent modification reveals that 1), there
are important differences between spatial and temporal signal transduction even in this cycle; and 2), spatial aspects may play a
substantial role in affecting and distorting information transfer in modules/networks that are usually studied in purely temporal
terms. This has important implications for the systematic understanding of signaling in covalent modification cycles, pathways,
and networks in multiple cellular contexts.INTRODUCTIONCells employ complex chemical networks to regulate and
control intracellular processes, robustly maintain different
aspects of cellular life, and respond appropriately to a vari-
ety of environmental cues. Understanding the functioning
of these networks and information transfer and decision-
making through them is a major theme in systems biology,
involving inputs from mathematical modeling, experiments,
and theoretical work.
To understand the functioning of these networks, different
simplifications are introduced. The signal transduction
through these networks is studied largely in temporal/
lumped and deterministic terms. In the last decade, signifi-
cant progress has been made in understanding the role of
noise and stochasticity in gene regulation and signal trans-
duction. In most studies, however, spatial aspects are
ignored (even if acknowledged) either because they are
assumed a priori to be of secondary importance or because
the available data are not spatially resolved.
However, biochemical information transfer occurs
through various molecules that move to different locations
of the cell and interact with one another, and it is clear
that spatial considerations are an integral part of information
transfer and intracellular functioning. In certain processes
(e.g., eukaryotic chemotaxis, polarity generation, cytoki-
nesis, and pheromone sensing), spatial aspects of signal
transduction are clearly important and hence directly
accounted for (1–7). However, there are a huge number of
other pathways and processes in which the effect of space
on signal transduction could be important. At the outset, a
number of questions arise: What exactly is the role of spaceSubmitted April 19, 2013, and accepted for publication June 28, 2013.
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0006-3495/13/10/1720/12 $2.00in signaling—is it just a modulatory effect or something
more substantial? When can these processes be studied in
temporal terms? Can spatial considerations be accounted
for in an ad hoc way? How does the consideration of space
change our understanding of signal transduction?
To gain insights into these questions, we will focus on
the spatial dimension to signal transduction in a basic
building block of posttranslational modification: a covalent
modification cycle (8). We do this because this is a ubiqui-
tously occurring unit in cell signaling, and understanding
these issues here serves as a platform for understanding
similar issues in more complex networks, complementing
our previous study (9). We will systematically examine
spatial aspects of signal transduction in this module by
considering in turn the effects of graded signals, diffusion
of individual entities, and localization of individual species,
and the combination of these factors. Taken together, our
results provide a basis for understanding the role of space
in information processing in this basic module, and the
spatial aspects of covalent modification in a wide range of
cellular contexts.
The paper is organized as follows: We first detail the basic
model employed and briefly discuss temporal signal trans-
duction. We then present a series of results exploring the
roles of species diffusion and localization, and their combi-
nation. We conclude with a synthesis and discussion.MATERIALS AND METHODS
Model setting
We employ a standardmodel that describes themodification of a proteinX to
X* by the enzymeK and the reverse reaction catalyzed by the enzyme P. The
enzyme and its target substrate first form an enzyme-substrate complex
(XK or X*P) before being converted to the respective product (Fig. 1 A).http://dx.doi.org/10.1016/j.bpj.2013.06.050
FIGURE 1 (A) Schematic of the covalent modi-
fication cycle. This is cast in a 1D spatial domain.
(B) The reference cases (where all species are
essentially nondiffusible) are shown for scenarios
S1, S2, and S3 (here and in other figures, q refers
to the spatial coordinate). The concentration profile
of K is spatially varying and that of P is homoge-
neous in S1, whereas they are counteraligned in
S2 and coaligned in S3. The choice of kinetic
parameters reflects the dominance of K over P.
Thus, the concentration profile of X* mirrors K,
and that of X is qualitatively opposite to K in all
scenarios (shown here for S1 only). See Supporting
Material for values of the kinetic rate constants
used in this and other figures.
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could represent kinases and phosphatases (or other enzyme pairs), respec-
tively, catalyzing the activation and deactivation steps in reversiblemodifica-
tion cycles. The model equations are as follows:
v½X
vt
¼ k1½X½K þ k1½XK þ k4½XP þ DX v
2X
vq2
v½X
vt
¼ k3½X½P þ k3½XP þ k2½XK þ DX v
2X
vq2
v½K
vt
¼ k1½X½K þ k1½XK þ k2½XK þ DK v
2K
vq2
v½P
vt
¼ k3½X½P þ k3½XP þ k4½XP þ DP v
2P
vq2
v½XK
vt
¼ k1½X½K  k1½XK  k2½XK þ DXK v
2XK
vq2
v½XP
vt
¼ k3½X½P  k3½XP  k4½XP þ DXP v
2XP
vq2
(1)
where k1 and k3 are the forward rate constants for the binding of the
enzymes and their substrate, k1 and k3 are the rate constants for the
dissociation of the enzyme substrate complex, and k2 and k4 are the rate
constants for product formation. q represents the spatial coordinate and
Dj is the diffusion coefficient for any species j in the cycle.
Because our primary focus is on basic aspects of spatial signal process-
ing, we cast the model in a spatial domain in one dimension and use peri-
odic boundary conditions for simplicity (results analogous to the ones
presented here have been obtained for no-flux boundary conditions). It is
worth pointing out that for the inputs considered here, the results are exactly
equivalent to those with no-flux boundary conditions in a domain half the
size. Thus, all essential results are equally valid for both cases and could
be relevant to situations involving the modification and diffusion of speciesin the membrane or the cytosol (see Supporting Material for further
discussion).Role of space
To systematically understand spatial effects in steady-state and dynamic
signal processing in posttranslational modification networks, a useful start-
ing point is to understand the effects at play in the basic covalent modifica-
tion cycle. Two ways in which space may play a part in intracellular
signaling are the transport and localization (or heterogeneous distribution)
of signaling species. For example, the enzymes K and P and both proteins X
and X* may be spatially distributed in the membrane, the cytoplasm, or or-
ganelles, and they may also be clustered in one or several locations, such as
at cell poles. Furthermore, it is possible that any of these species may be
transported from one intracellular location to another. In this work, we
focus on diffusion as the main transport mechanism because of its wide-
spread presence (10).Inputs
In this study, we regard enzymes K and P as the spatial inputs that have
either graded or localized (or uniform) spatial concentration profiles. A
question that naturally arises when considering spatial inputs is, what is
the most realistic way to introduce a spatial signal into a system or present
it to an intracellular network? In our analysis, we considered two different
scenarios, each of which may be plausible in cell signaling. In the first sce-
nario, the signal appears at some initial time point. By modeling the spatial
inputs as initial values (assigned to the enzymes), we allow the dynamics of
the system to run its course and cannot control the input. This corresponds
to considering the cycle as a closed system. In the second scenario, an
imposed spatial signal is always maintained in the system. This could occur
via (for instance) the continuous production and degradation of the free
enzyme (which acts as the signal), or in more complex variations thereof.
This is modeled by explicitly adding production and degradation terms
into the enzyme kinetic description. Analyzing the differences (if any) be-
tween the results in the two cases enables us to comment on the use of either
description in concrete contexts. The differences in signal imposition are
especially pertinent in spatial signal transduction, because in contrast to
the temporal case, the system is not locally closed.Biophysical Journal 105(7) 1720–1731
1722 Alam-Nazki and KrishnanIn our modeling framework, we examine the first scenario by assigning
appropriate initial conditions to enzymes K and P. The second scenario is
modeled by explicitly adding production and degradation terms into the
enzyme rate equation:
v½K
vt
¼k1½X½K þ k1½XK þ k2½XK þ kf 1SðqÞ
 kb1½K þ DKv
2K
vq2
v½P
vt
¼k3½X½P þ k3½XP þ k4½XP þ kf2IðqÞ
 kb2½P þ DPv
2P
vq2
(2)
where kf1 and kf 2 are the production constants and kb1 and kb2 are the degra-
dation rate constants for the free enzymes K and P, respectively. SðqÞ and
IðqÞ are parameters associated with the spatial distribution of the enzymes
and can be either graded or localized. These spatial inputs are specified as
graded (S ¼ aþ bcosq with a>b) or localized signals, in the form of a
square pulse or gaussian curve (exact signal values are shown in the Sup-
porting Material). There are many ways to represent graded and localized
inputs, and we chose these for convenience. In our study, we chose the
mean value of SðqÞ to be greater than that of IðqÞ so that the effect of
K dominates that of P for the choice of parameters (without loss of gener-
ality). For certain cases, we also make P homogeneous and only K is
spatially distributed. Spatial input signals are discussed in further detail
in the Supporting Material.Parameters
Describing the reversible modification cycle explicitly by including the
kinetics for all species, including the enzyme-substrate complexes, in the
model allows for the systematic exploration of spatial effects in this cycle.
Because kinetic parameter specification in such cycles can substantially
influence their behavior, we analyzed the system in different parameter
regimes. We considered three regimes: 1), mass action (where the rate of
product formation is much greater than the formation and dissociation of
the enzyme-substrate complex); 2), ultrasensitive (where a small change
in signal input leads to a significantly larger change in output (11)); and
3), generic (where the output of the cycle is a graded function of the input,
and concentrations of the complexes cannot be neglected). The first two
regimes are encountered or invoked routinely in many cell-signaling con-
texts. The generic regime allows us to investigate the issues at hand without
making special assumptions or looking at limiting cases. Analyzing the
module in three different representative kinetic parameter regimes enables
us to understand the role of space in information processing in this module
under a wide range of conditions.
The representative kinetic parameters used in this work have been
employed in previous studies to model covalent modification in the mass
action, ultrasensitive, and generic regimes (12,13). The essential difference
between the parameter regimes is reflected in the rate at which the enzyme-
substrate complex is converted into the product. If this rate is small, the
enzyme will be sequestered in the complex and the production of product
will occur slowly or comparably relative to the formation of the complex.
If the rate of complex catalytic conversion to product is high, virtually no
enzyme will be held up in the complex. This corresponds to the mass-action
scenario.
Next, we introduce spatial aspects to this module by incorporating
diffusion of species. This is done by examining a range of diffusion coeffi-
cients for each species, representing low, moderate, and high diffusivities
(appropriate to the domain size and timescales). The diffusion coefficients
are based on estimates in Postma and Van Haastert (14), and the effect ofBiophysical Journal 105(7) 1720–1731varying diffusion strength is directly examined. The nondimensionalization
of space and time is done by using appropriate representative length and
timescales for signaling. Additional aspects of the issues discussed above
and parameter values are discussed in the Supporting Material. We focus
primarily on qualitative aspects and trends in signal transduction, and in
many cases explain the observed behavior analytically, directly revealing
the influence of the parameters.Numerical method
Partial differential equations were discretized using finite difference
equations, and the results were checked by doubling the discretization.
All simulations were performed in MATLAB (The MathWorks, Natick,
MA) using ode15s.RESULTS
Examining different combinations of the aforementioned
parameter regimes and input scenarios, as well as perturbing
the cycle by a range of diffusion coefficients, led to a large
number of results. We therefore present a selection of results
in this section, as follows: We first present a series of results
from the generic parameter regime, because the insights
obtained here are generally representative and in fact for
the most part carry through to the mass-action parameter
regime (qualitatively). We then examine the ultrasensitive
parameter regime. Spatial signal transduction and the effect
of diffusion are examined when enzymes have spatially
graded profiles, corresponding to the following scenarios:
S1, when only K is graded; S2, when both K and P are
graded and counteraligned (15); and S3, when both K and
P are graded and coaligned. We conclude by examining
the effects of localization of the enzymes.
We present results primarily for the case in which the
signal is imposed via production and degradation of the
enzyme. Note that this type of imposition allows for con-
tinuous control of the input. We will comment on this point
later on in this section.
We start our presentation of the results by discussing the
reference case in which all species are nondiffusible (or
weakly but equally diffusible), with the kinetics of the cycle
being in the generic regime. We then show the effects of
increasing the diffusivity of individual species. Following
this, we present the effects of diffusion of combinations of
species, focusing particularly on the effects of diffusion of
the complex(es) (see Table 1 for a summary of results).Reference case
In S1, S2, and S3, the spatial concentration profiles of
species XK, X*, and X*P mirror K, and that of X is quali-
tatively opposite to K. It should be noted that the basal
kinetic parameters are chosen to reflect the dominance of
K over P (without loss of generality). The spatial concen-
tration profiles of cycle components are shown in Fig. 1 B.
The reference case represents an unbiased platform relative
Covalent Modification Cycles through the Spatial Prism 1723to which the effects of transport and localization can be
examined.
It should be emphasized that although our reference case
involves species that are essentially nondiffusible, we do not
require the species to be strictly nondiffusible. In fact,
having a reference case in which all species are (equally)
weakly diffusible leads to essentially the same conclusions.
Reducing the diffusion coefficient in this case results in pro-
files that approach the nondiffusible case (see S2 Supporting
Material). This in turn is because the total substrate is
constant spatially, exactly like the nondiffusible case. For
a reference case in which all species are weakly (but
unequally) diffusible, reducing the diffusion coefficients,
keeping their ratio fixed, will not in general approach the
nondiffusible case. However, even here, the effects of
increasing diffusion of one or more species results in the
same trends as those observed for the reference case in
which all species are equally weakly diffusible. We thus
use the nondiffusible case as a suitable reference that also
represents the (equally) weakly diffusible case for both
simulations and analysis.
Next, we examine how diffusion perturbs the steady-state
response of the cycle in the reference case in different
parameter regimes. We observe the degree of change in
spatial variation of the concentration profile, i.e., whether
it increases (profiles become sharper) or decreases (profiles
become weaker or more spread out), along with any changes
in qualitative behavior.
It should be noted that when the input signal is imposed
via the production and degradation of the free enzyme, the
spatial concentration profile of the free enzyme remains
fixed even when the substrate modification cycle contains
diffusible components, as long as the enzyme-substrate
complex is nondiffusible. This and the implications of
how a signal is imposed are discussed in further detail in
the Supporting Material.
Perturbation by diffusion of a single species: diffusion can
qualitatively alter the steady-state spatial profiles of cycle
components
We examine the effect of diffusion of one species when other
species in the cycle are nondiffusible/weakly diffusible.
Diffusion of X*. As the diffusion coefficient of X*
increases, as expected, it becomes uniform, whereas the
spatial variation of X becomes stronger in all scenarios. In
addition, we find the following features: In S1 as DX in-
creases, all species (except X) become homogeneous. In S2,
interestingly, the complex profiles flip and become qualita-
tively opposite to K, in contrast to the reference case (shown
in Fig. 2 A). This is explained in the Supporting Material. In
S3, the spatial variation of both complexes decreases.
Diffusion of X. If X diffuses, the spatial concentration
profiles of the rest of the components of the cycle have
greater spatial variation (as compared with the nondiffusible
case) in S1–S3 (S3 is shown in Fig. 2 B). X itself flattens out,losing all spatial variation. This result may be interpreted as
follows: if there is only one species in the cycle that is not
weakly diffusible, and all other species are weakly diffusible
or nondiffusible (or immobilized), this species at steady
state will exhibit an essentially homogeneous profile.
Diffusion of enzymes
DIFFUSION OF K. As the diffusion coefficient of K
increases, the spatial variation of all species in the cycle
decreases in S1. In S2, both X and X have weaker spatial
variation. The profiles of both complexes, on the other
hand, undergo a qualitative change: as DK increases, the pro-
files change from having a variation similar to that of K to
having a variation similar to that of P. In S3, as DK
increases, the profiles of X* and X change qualitatively.
X* flips and becomes qualitatively opposite to K, and
X becomes qualitatively similar to K. The complete change
in the nature of the response here can be understood by
noting that the two enzymes are in competition, and the
diffusion of one of the enzymes can alter the balance of
competition in spatial signaling, even though the kinetics
favors the kinase, similar to findings in Krishnan (16). S2
and S3 are shown in Fig. 3 A.
DIFFUSION OF P. The effects of diffusion of P present
results in contrast to those above. In S1, the (moderate)
diffusion of P has a negligible effect on the spatial variation
of the species. In S2, the profiles of X* and X have weaker
spatial variation, and those of the complexes have greater
variation. In S3, the spatial concentration profiles of X*
and X have increased spatial variation (due to decreased
competition from P), and those of the complexes have less
spatial variation.
Until now, we have examined the effect of making only
one species diffusible on the network response. Analysis
of perturbation by diffusion of one species forms a basis
for examining the diffusion of multiple species. It is bio-
physically plausible to assume that if either substrate and/
or enzyme diffuses, the resulting complex can also diffuse
(see Yudushkin et al. (17)) for an example of spatial tracking
of an enzyme-substrate complex). In considering the effects
of the diffusion of the complex, we will next examine two
situations: one in which the complex diffuses as much as
the substrate, and one in which it diffuses as much as the
enzyme. The combined effect of diffusion of X and X* is
discussed in the Supporting Material (see S1).
Perturbation by diffusion of two species: diffusion of
complexes can play an important and determining role
We will now examine the effect of diffusion of complexes
on the cycle.
Both the complex and substrate are diffusible
X AND XK ARE EQUALLY DIFFUSIBLE. In S1 and S2,
for weak diffusion the response of the system is similar to
the case in which X alone diffuses. The degree of spatialBiophysical Journal 105(7) 1720–1731
1724 Alam-Nazki and Krishnanvariation of X* increases relative to when diffusion is ab-
sent. We note, however, that the degree of spatial variation
of X* is nonmonotonically dependent on the diffusion coef-
ficient: the variation is greatest when diffusion is weak and
reduces, becoming lower than the reference case, when the
diffusion is high.
Along with the nonmonotonic dependence of spatial
amplitude on diffusion, this result also shows that in direct
contrast to the effect of X alone diffusing, the combined
diffusion of X and XK leads to weakening of the X* pro-
file. This effect is due to XK diluting the influence of K
(through its own spreading). Further differences from the
single-species diffusion case are seen in S3, where
increasing the diffusion coefficient leads to the flipping
of X* followed by increased spatial variation (S3 is shown
in Fig. 3 B).
X* AND X*P ARE EQUALLY DIFFUSIBLE. We see sur-
prising results here as well. In S1, all species (except X)
become homogeneous. This can be explained analytically
(see Supporting Material). Only the profile of X becomes
sharper. In S2, the profile of X* becomes weaker and X be-
comes sharper. The profiles of the complexes flip as the
diffusivity increases. In S3, for weak diffusion, X* qualita-
tively flips and its profile becomes opposite to that of K, and
its spatial variation decreases as the diffusivity increases
(shown in Fig. 3 B).
For all scenarios, if the complex is weakly diffusible and
the substrate is highly diffusible, then the effect of the com-
bined diffusion is essentially the same as when the substrate
alone was diffusing.
Both the complex and enzyme are diffusible
BOTH K AND XK ARE DIFFUSIBLE. For all scenarios,
diffusion results in the flattening of both complexes (ex-
plained analytically in the Supporting Material). In S1 and
S2, as the diffusion increases, the spatial variation of X* be-
comes weaker (flat in S1). In S3, for weak diffusion the pro-
file of X* qualitatively flips (becoming opposite to K and P)
and as the diffusion becomes stronger, its spatial variation
increases (S3 is shown in Fig. 3 B).
BOTH P AND X*P ARE DIFFUSIBLE. For all scenarios,
diffusion again results in the flattening of both complexes
(explained analytically in Supporting Material). In S1 and
S2, as the diffusion coefficient increases, the X* profile
weakens (in S1 it becomes homogeneous). In S3, increasing
the diffusion leads to a flipping of the X* profile whose
amplitude increases and then eventually decreases. Here
we see a very different trend compared with the scenario
in which P alone is diffusible.
These results clearly demonstrate that diffusion of a
complex can play important and unexpected roles in
spatial signal transduction. It also shows that the explicit
description of complex formation could be important
for understanding spatial signal transduction in different
contexts.Biophysical Journal 105(7) 1720–1731Spatial signaling in the ultrasensitive parameter regime:
spatial signal transduction and switch-like behavior
So far, we have shown the results for the generic parameter
regime. Next, we outline the effects of perturbing the cycle
by diffusion when it lies in the ultrasensitive parameter
regime. In this regime, X* displays a switch-like response
as a function of input. The switch-like behavior in signal
transduction has been the focus of a number of temporal
studies, with some discussion of spatial aspects (18). In
making a transition from the purely temporal to the spatial
model of the cycle, we see that in the closed model (spatial
distribution of enzymes is imposed via initial conditions),
the effect of a switch-like behavior continues to be seen if
the enzymes (and complexes) are nondiffusible. In this
case, the spatial signal transduction can be understood
from the temporal signaling characteristic of the cycle.
However a steady-state switch-like response is not seen
when the enzymes (and possibly complexes) are diffusible,
because a gradient of enzymes cannot be sustained at steady
state. Put another way, the enzymes need to be immobilized
to elicit a switch-like response in this case; otherwise, any
possible switch-like effect will be transient.
Because we wish to examine possible switch-like
behavior in response to externally imposed spatial signals,
we consider the open model. Note that we used this model
when production and degradation of the free enzyme were
used to determine the spatial distribution of the enzymes.
An analysis of this model shows that such a description of
signal imposition keeps the free-enzyme concentration
essentially fixed (this is true even in the purely temporal
case). An examination of such a model shows that it will
not be able to exhibit the switch-like behavior desired
because no strong sequestration effect of enzyme is possible
(see the Supporting Material).
Based on the discussion above, we see that for a steady-
state switch-like behavior to be present when species are
diffusible, some local sequestration effect must be present.
We therefore examine a modification of the basic model
incorporating this effect, to determine whether spatial
switch-like behavior may be seen at steady state. The minor
modifications to the model (shown in the Supporting Mate-
rial) incorporate degradation of all X species (X, XK, X*,
and X*P) and a small generation of X (without loss of
generality). In this modified model, we have a conservation
of total X species locally (under homogeneous conditions).
Further, the total enzyme concentration is determined as
the ratio of the enzyme production and the degradation
rate (of enzyme and complex assumed equal). Thus, in con-
trast to the model employed earlier, the total enzyme con-
centration (as opposed to the free-enzyme concentration)
is essentially fixed locally. This (open) model formulation
therefore allows the free enzyme to be taken up substantially
into the complex and serves as a platform for examining
the effects of diffusion. Note that in temporal closed models
TABLE 1 Summary of results from the cases analyzed in the generic parameter regime
Diffusing species
Effect on spatial variation (amplitude) of concentration
profile of X* (relative to the reference case) Salient features
X* Weaker S2: complexes flip (Fig. 2 A)
X Stronger (Fig. 2 B)
K S1 and S2: weaker; S3: stronger S2: complexes flip (Fig. 3 A); S3: X* and
X flip (Fig. 3 A)
P S1: negligible effect; S2: weaker; S3: Stronger
X and XK S1 and S2: stronger at low D, weaker at high D;
S3: stronger
S1 and S2: spatial variation is nonmonotonically
dependent on diffusion coefficient; S3: X*
flips as diffusion increases (Fig. 3 B)
X* and X*P Weaker S2: complexes flip as diffusion increases;
S3: X* flips (Fig. 3 B)
K and XK S1 and S2: weaker; S3: stronger All scenarios: complexes flatten;
S3: X* flips (Fig. 3 B)
P and X*P S1 and S2: weaker; S3: stronger at low D,
weaker at high D
All scenarios: complexes flatten; S3: X*
flips as diffusion increases
The effects of diffusion of one or two species on the spatial concentration profile of X* are summarized. Stronger (or weaker) refers to the amplitude of the
profile of X* increasing (or decreasing) with respect to the reference case (in which all of the species are essentially nondiffusible). S1: K graded and
P uniform; S2: K and P graded and counteraligned; S3: K and P graded and coaligned. If the profile of a species (e.g., X*) undergoes a qualitative reversal,
we simply state that it flips.
Covalent Modification Cycles through the Spatial Prism 1725of cycles, the total enzyme and substrate are fixed, and the
appropriate kinetic parameter regime allows for switch-
like behavior. The above model may be seen as a spatial
analog of this, imposing essentially fixed local pools of
enzyme and substrate.
An analysis of the modified model shows that it is indeed
able to exhibit switch-like behavior in response to spatially
graded inputs (when all species are essentially nondiffus-
ible). This is seen in the profile of X* (shown in Fig. 4 A),
which shows how maintaining essentially fixed enzyme/
substrate pools locally can lead to spatial switch-like
behavior in this open model.FIGURE 2 Effects of a single species diffusing. (A) Effect of diffusion of X*
line). X* itself becomes homogeneous and X becomes sharper. Diffusion of X* q
X in S3; X, X*, and X*P are shown (reference case: circles; X diffuses: solid li
plexes become sharper (similar results are seen in S1 and S2). The range of dif
Supporting Material. Note that the diffusing entity attains the same homogeneoHere we consider only one scenario in which input spatial
information to the module occurs only through K. We
discuss the effect on the output X* when diffusing species
are present in the cycle.
Effect of diffusion of a single species. If X diffuses, the
spatial variation (and switch amplitude) of the concentration
profile of X* is enhanced even further (shown in Fig. 4 B).
If X* itself diffuses, the spatial variation of X becomes
enhanced, whereas the X* spatial profile becomes graded
and weaker. Thus, the spatial switch is weakened. If the
enzyme K diffuses (Fig. 4 B), the spatial switch dampens
even for moderate values of diffusivity and finally is lost.in S2; X, X*, and XK are shown (reference case: circles; X* diffuses: solid
ualitatively changes the profiles of the complexes. (B) Effect of diffusion of
ne). As the diffusion of X increases, the spatial profiles of X* and the com-
fusion coefficients utilized in this and subsequent figures is provided in the
us spatial profile at steady state.
Biophysical Journal 105(7) 1720–1731
FIGURE 3 (A) Effect of enzyme diffusion. X* profiles are shown for the case in which K diffuses in S2 and S3 (reference case: solid line; K diffuses at low
and intermediate levels: dashed lines; and K diffuses at a high level: solid line with circles). In S2, the spatial variation of the X* profile becomes weaker
as the diffusion of K increases. On the other hand, the complexes completely change orientation (not shown, similar to Fig. 2 A). In S3, the spatial profile of
X* flips and becomes qualitatively opposite to K as the diffusion of K increases. Next, we show the effect of two species diffusing. (B) The spatial profile of
X* is shown for cases in which the pairs X and XK, X* and X*P, and K and XK diffuse in S3 (reference case: solid line; species diffusing: dashed lines). In all
three cases, X* shows a qualitative change: the profile flips as the diffusivity increases. When K and XK diffuse, we also find that the complex X*P becomes
homogeneous (not shown). This shows how diffusion of complexes can qualitatively alter the spatial profile of different species. The arrow points to the
direction in which the profiles change as the diffusion coefficient increases.
1726 Alam-Nazki and KrishnanEven if enzyme P diffuses, the spatial switch becomes
dampened. This last conclusion highlights new aspects of
the interplay between transport and signal processing in
the cycle, since the diffusion of initially uniform enzyme
plays a significant role in the outcome. It shows how diffu-Biophysical Journal 105(7) 1720–1731sion can cause replenishment of the phosphatase enzyme,
diminishing the spatial switching effect.
Effect of diffusion of two species. We now consider what
happens if two entities diffuse, as described above. If XK
and X diffuse, then the spatial switching effect in X* isFIGURE 4 Effect of diffusion on the cycle when
it is in the ultrasensitive kinetic parameter regime
(see text for details). (A) The spatial profiles of X
(dashed lines) and X* (solid line), and K (dashed
lines) and P (solid line) are shown when no diffu-
sion is present; a spatial switch is seen in the profile
of X*. (B) When X diffuses, the spatial switch in
X* is enhanced. On the other hand, when K dif-
fuses, the spatial switch in the profile of X* is
increasingly dampened as DK increases, until it is
finally lost. When both X and X* equally diffuse,
as their diffusivity increases, the spatial switch in
X* disappears (reference case: solid line; species
diffusing: dashed lines; the arrow points to the
direction in which the profiles change as the diffu-
sion coefficient increases).
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diffuses. Similarly, if one considers moderate diffusion of
the pairs (K and XK, and X* and X*P), the spatial variation
of X* becomes weaker in all of these cases and the spatial
switch is again lost. If P and X*P diffuse, the switch is
dampened.
Finally, if both X and X* equally diffuse, the switch will
be dampened before it is eventually lost (shown in Fig. 4 B).
If X* is weakly diffusible and X is highly diffusible, the
switch will be dampened but maintained. In this situation,
the diffusion of X counteracts the diffusion of X*.
Overall, we find that the cycle is capable of exhibiting a
steady-state, spatial switch-like profile (even if species are
weakly diffusible) in situations where an essentially fixed
pool of enzyme/substrate is maintained locally and signifi-
cant sequestration in complex occurs. We observe that in
this case, the spatial switch can be enhanced, dampened,
or completely destroyed by diffusing species, and that
even moderate diffusion can play a strong role in dampening
switching effects.
Interplay between diffusion and localization
We now examine the effects of localization of the enzymes
(where enzymes are present in certain locations and not free
to move). Examples of localization of kinase/phosphatase
pairs can be found in bacteria (19), PI3K/PTEN in Dictyos-
telium discoideum (15), and Par proteins in Caenorhabditis
elegans (20). Although localization could be thought of as
another spatial enzyme profile (as considered previously),
it also brings up new aspects, which we examine here. In
this section, we examine the effects of localizing K and P
in separate regions as well as in the same region. We focus
particularly on the spatial average of the concentration of
X*, as this represents the average response over the spatial
domain. If we compare the spatial average of X* in both of
the aforementioned scenarios (when no diffusion is present),
we find that the average is higher when the enzymes
are separated than when they are in the same domain. The
absence of substantial local competition between the
enzymes allows for a greater average X*. Next, we studythe effect of both X and X* diffusing together in each of
these cases (if the enzymes are localized in separate regions,
the diffusion of substrates is necessary to complete the
cycle).
Increasing the diffusion has the expected effect of
reducing spatial variation (as seen in Fig. 5 A); however,
the effect on the spatial average of X* is more interesting.
When the enzymes are located in separate domains, the
spatial average of the concentration of X* exhibits both
monotonic and nonmonotonic trends as the diffusion co-
efficient increases. We find that for certain parameter
regimes, the spatial average of X* is an increasing function
of diffusion coefficient, whereas in other cases it reaches
a maximum at some intermediate diffusion coefficient
before gradually reducing to its asymptotic value (shown
in Fig. 5 B). The diffusion coefficient at which the spatial
average reaches its peak can be shifted (either increased
or decreased) by modulating the parameter values (e.g.,
the total concentration of the enzymes). This result shows
that in this case, there is an optimal diffusion coefficient
at which the maximum average conversion of X to X* can
be achieved. There is a subtle balance between the diffusion
of species and the conversion of the substrate. It is worth
pointing out that the origins of this biphasic effect are inde-
pendent of any enzyme sequestration; we readily observe
the same behavior in mass action models of the covalent
modification module.
Taken together, our results reveal different facets and
surprising aspects of the interaction of diffusion with the
modification cycle kinetics.CONCLUSIONS
Temporal signal transduction in covalent modification
cycles has been the focus of many studies. A few studies
have focused on spatial signal transduction in covalent
modification cycles and cascades, from specific perspec-
tives. The effects of separated enzymes in generating large
activity gradients were studied by Brown and Kholodenko
(21). The generation of phosphoprotein waves arisingFIGURE 5 Interplay between diffusion and local-
ization. (A) The profile of X* is shown for the case in
which enzymes are spatially segregated (reference
case: solid line). The effect of X and X* equally
diffusing (dashed lines) is shown. As the diffusivity
increases (shown by the direction of the arrow), the
profile becomesmore spread out. (B) Effect of diffu-
sion of X and X* on the spatial average of X*. Two
cases are shown in which the average of the spatial
concentration of X* both nonmonotonically (solid
line with diamonds) and monotonically (solid line
with squares) varies with respect to the diffusion
coefficient of X and X*. Also shown is the asymp-
totic limit for the spatial concentrations of X*
when the diffusion becomes very large (pertaining
to the nonmonotonic case (dotted lines) and mono-
tonic case (dashed lines)).
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1728 Alam-Nazki and Krishnanfrom bistability in protein kinase cascades, as a potential
mechanism for long-range signaling, was considered by
Markevich et al. (22). The ability of signaling cascades to
transmit information from the membrane to the nucleus
was studied by Mun˜oz-Garcı´a et al. (23). The effects of
enzyme localization on amplification were studied by van
Albada and ten Wolde (24). A review by Kholodenko (25)
discusses the role and relevance of temporal control and
spatial distribution of signaling species in decision-making.
It also discusses spatial signaling mechanisms, including
the recruitment of entities to the membrane or subcellular
locations, gradients, and phosphoprotein waves.
In contrast, we start with a standard model of a covalent
modification cycle (with all kinetic steps explicitly
described) extended to incorporate spatial signaling. We
focus on different facets of spatial signal transduction as
revealed by a systematic analysis of this model, with a focus
on qualitative trends. The model contains a number of
scenarios (e.g., immobilized substrates or enzymes) as
special cases or limiting regimes. We consider different
basal parameter regimes for the module and also different
ways in which this module could be subjected to signals,
i.e., imposing enzyme profiles either as initial conditions
(the closed-system scenario) or by active upstream regu-
lation (the open-system scenario). Our consideration of
multiple scenarios allows us to systematically elucidate
common aspects of signal transduction and also identify
important differences where they exist. This is also useful
when one considers the many extensions and variations of
such modules that are encountered in cellular contexts.Signal imposition
Although in some cases spatial signal transduction could be
largely understood in terms of temporal signaling features,
in other cases spatial aspects played an important and
even determining role. To start with, whereas the temporal
steady-state behavior of such cycles could be studied by
considering the total amounts of kinase and phosphatase
as parameters, the steady-state spatial behavior depended
on how a signal was imposed (corresponding to either an
open or closed system) when the entities were diffusible.
For instance, when substrates and complexes were (moder-
ately) diffusible in a closed system, an enzyme spatial signal
could not necessarily be sustained (due to the redistribution
of enzymes via diffusion of complexes) unless some extra
mechanism of localization (e.g., a scaffold) was present.
This is one example in which a specifically spatial aspect
(transport of substrate and complexes) plays a substantial
role in distorting an upstream entity that does not have a
direct temporal analog. In general, we can say that when
enzymes and complexes are nondiffusible, the spatial
behavior of the cycle can be understood more easily and pre-
dictably from the temporal behavior of the cycle (although
substrate diffusion may play a nontrivial role), and in thisBiophysical Journal 105(7) 1720–1731case, both open- and closed-system scenarios for signal
imposition give similar results. When enzymes and/or
complexes may diffuse even moderately, the steady-state
behavior (and hence the transient behavior) in both sce-
narios will be different.
We can summarize the effects of species diffusion and
localization as follows:Diffusion
The role of diffusion in signal transduction in the cycle
could be substantial. Diffusion (even moderate) of indi-
vidual or multiple species could lead to the abolishment or
considerable weakening of spatial gradients of individual
entities. It could play a substantial role even when both
enzyme profiles are counteraligned (i.e., with both enzymes
cooperating in spatial signal transduction), and it could
alter the balance of power when enzymes were coaligned
(competing in spatial signaling; see Krishnan (16) for a
similar effect). The diffusion of complexes could play an
additional complicating and important role, which may be
unintuitive. This demonstrates the need to carefully and
explicitly account for the dynamics of complexes and their
diffusion. Diffusion of species at moderate levels could alter
or even substantially diminish the capacity of the cycle to
exhibit a switch-like behavior in response to spatial signals.
Our analysis provides a framework for understanding the
effects of diffusion of species both individually and in
multiple combinations.
It is worth pointing out that although differences in
diffusion of enzymes may be expected, substantial differ-
ences in diffusion due to posttranslational modification of
proteins have also been observed experimentally both on
the membrane (26) and in the cytoplasm. For example, in
proteins such as MEX-5 and PIE-1 (20,27), modification
leads to differences in diffusion between the unmodified
and modified forms of these species. It has been argued there
and elsewhere (28) that this is due to substantial differences
in affinity for proteins or lipid rafts on the membrane or
proteins and other entities (e.g., vesicles) in the cytoplasm.Localization and transport
We found that the spatial localization of kinase and phos-
phatase could strongly affect the total modification of
substrate in the domain. A spatial colocalization of both
enzymes generally led to less overall modification than
that observed with localized and separated enzymes. In
the latter case, the effect of diffusion of the substrate(s)
was interesting: whereas in some cases an increase of the
diffusivity led to an increased overall modification, in other
cases overall modification was a nonmonotonic function
of diffusivity. Here an intermediate diffusion coefficient
resulted in maximal overall conversion, suggesting an
optimal combination of separation and transport.
Covalent Modification Cycles through the Spatial Prism 1729Overall, our analysis reveals many subtle and new (to our
knowledge) competing effects at play when the spatial
dimension of signal transduction and the interweaving of
spatial factors and enzyme kinetics are studied in detail.
We can expect combinations of such competing factors to
be at play in concrete instances (the effects of some of
which may be wrongly attributed to extraneous factors).
This analysis is important for understanding the intrinsic
signal-processing capabilities of this module, as well as
for appropriately and systematically employing it (or
simplifying it) in specific modeling contexts. Our study
also suggests that examining limited data may in fact
mask a subtle combination of factors.
More generally, our studies indicate that the effect of
space may not be correctly understood by including spatial
aspects in an ad hoc way in signal transduction, even in this
basic module. The role of space in covalent modification
and signal transduction may arise in multiple ways. In
some cases the spatial aspects are central and necessary
(such as cells imposing internal gradients for various pur-
poses), whereas in other cases they are incidental (spatial
variation of protein concentrations occur due to transport
to particular localized targets). By noting the abundance
of covalent modifications of proteins in cells, and the multi-
plicity of contexts in which they occur, we see that various
different scenarios (and parameter regimes), as well as
extensions (such as signaling in cascades), may be encoun-
tered. It is clear that an understanding of these contexts can
utilize and build upon the insights obtained here, to reveal
the role of space in information processing. This is relevant
even for modification cycles and extensions that hitherto
have been studied in purely lumped terms.Transient effects
In this study, we focused on steady-state analysis only. We
recognize that transient effects may be important and in
some specific contexts may even be the dominant effect.
However, given the nature of the analysis, it is both easier
and necessary to start with a steady-state analysis. Indeed, a
systematic analysis of the model demonstrates many com-
peting effects and subtle behavior at steady state. Because
transient responses have to evolve to this steady state in
principle, the relevant effects observed here will kick in at
some time point. To thoroughly study transient dynamics
in a systematic manner, it is important to be aware of the
steady-state behavior and also examine in detail the effects
of how the signal is imposed temporally and spatially. Of
necessity, such an analysis would build on the results pre-
sented here, and we will examine this in detail in the future.Implications
We discuss some further implications of our analysis below.
To start with, even in the basic modeling of covalent modi-fications, although various assumptions are used (e.g., mass-
action kinetics and Michaelis Menten kinetics), other
implicit assumptions are made about spatial aspects (spatial
homogeneity), which may or may not be true. An under-
standing of signal transduction requires an explicit des-
cription of both enzyme-substrate complexes and spatial
aspects, as well their interplay. Our studies above show
that 1), spatial variation and diffusion may combine in
unintuitive ways; and 2), by accounting for transport of
complexes, important effects are unearthed. Thus, our
results serve as a platform for reevaluating the validity of
different assumptions in multiple contexts.
Our results suggest that although certain circuits may give
rise to certain behaviors (such as switches) in an ODE
setting and even in a stochastic setting, things may be
different when spatial aspects are included. First, the circuit
may not necessarily be able to demonstrate the same
response to spatial signals and may be quite sensitive
to the diffusion of species involved. The mechanism for
generating an ultrasensitive switch temporally relies on an
essentially fixed pool of enzyme. This may or may not be
possible to realize locally in space, not least because of
enzyme and complex diffusion. Our analysis shows that
when an essentially fixed (total) local pool of enzyme is
maintained, the cycle may be able to act as a switch to
spatial signals. This has implications for the construction
of spatial switches (18) and also for the extent to which
temporal circuits can act as temporal switches when spatial
heterogeneity and/or transport is present. Our analysis
also suggests ways in which some of the limitations due
to diffusion on switch-like behavior may be bypassed.
One possibility would be to use scaffolds, which might limit
the effects of transport of enzyme/substrate relative to one
another. Another possibility would be to employ some
molecular titration mechanism of enzymes to generate
threshold-like behavior (29,30).
We can build on our analysis to examine how multistep
cascades may function as spatial switches. It suggests (and
analytical results confirm) that transport of enzymes (and
complexes) would significantly affect spatial switching
behavior from such pathways as well, unless an essentially
fixed input enzyme pool were maintained locally. It also
suggests that either the use of mechanisms as mentioned
above, or some degree of upstream preprocessing that
allows an essentially fixed pool of enzyme to be maintained
locally would facilitate conditions for spatial switch-like
behavior from such cascades.
While considering the total (or spatial average) modi-
fication of substrate, we find that this depends on the
localization of individual enzymes. Since the spatial
average of protein concentrations is the usual experimental
measure of protein concentration, we see that this not
only masks important internal variation and dynamic
interplay between species, it can also be the basis for
mistaken estimates of kinetic parameters from experiments.Biophysical Journal 105(7) 1720–1731
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also result in incorrect causal inferences made from
experiments.Examples
An example of spatial aspects of covalent modification
cycles and extensions thereof is the modification cycle
involving MEX-5 (20). Experiments and modeling have
suggested that the enzyme substrate complex may combine
with other entities and may have different diffusion
rates depending on its location in the cell (and interacting
with other complexes accordingly), thus profoundly
affecting many aspects of covalent modification. We thus
see an example of a complex spatial version of a covalent
modification cycle that not only possesses the basic
features examined above but also highlights a more
complex interplay among transport, complex forma-
tion, and heterogeneity. Other examples of parallels we
have studied include G-protein spatial cycles (31) and
separated phosphorylation/dephosphorylation at the mem-
brane and endoplasmic reticulum in eukaryotic cells (17),
where enzyme substrate complexes are tracked spatially.
RanGEF/GAP (32) provides yet another example of
localization of enzymes in different spatial locations. An
even more striking example of such behavior is seen
in bacteria in which phosphorylation/dephosphorylation
cycles have localized and separated modifications at poles
of the bacteria, which in some cases are mediated by a
bifunctional kinase (33). This shows how basic elementary
spatial variations in the modification cycle are seen in bac-
teria and include bifunctional kinases as well. This un-
doubtedly removes certain constraints associated with
colocalizing bifunctional kinases.
Covalent modification cycles are basic building blocks
in protein signaling networks and it is to be expected
that spatial effects will be present in multiple forms
and guises in cell signaling. Our results provide a basis
for starting to elucidate a number of related themes in
signal transduction. This includes the role of localization
and its interplay with transport, as well as the ways in
which cells may use the machinery available to them,
such as scaffolds (34), to harness (35), accentuate, or
insulate signaling from spatial effects. We expect that
elucidating the spatial dimension of signal transduction
will provide an important window into cellular informa-
tion processing.SUPPORTING MATERIAL
Supporting material, two figures, and supporting references are available at
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